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Abstract--A dc-ripple reinjection concept, described in the 
literature with reference to the line-commutated current source 
converter, is applied in this paper to the self-commutated current 
source converter.  This is achieved by means of a reinjection 
converter fed, via a single-phase transformer, from the triple 
frequency ripple signal. It is shown that the three-phase bridge 
can be made to operate effectively at any multiple of the six-pulse 
number and, thus, presents an effective alternative to the use of ac 
and dc side filters. 
 
Index Terms-- ac-dc conversion, self-commutation, harmonics. 
I.  INTRODUCTION 
he dc-ripple reinjection concept was introduced a quarter 
of a century ago [1][2] to increase the pulse number of the 
line-commutated three-phase bridge converter. The scope 
of multi-pulse conversion is wider than that of multi-level 
conversion [3-7], which, as the name indicates, is exclusively 
concerned with the generation of a stepped ac output 
waveform. The multi-pulse concept goes further in that it 
provides a corresponding increase in the dc output ripple 
frequency (which defines the pulse number); this is an 
important advantage in dc transmission, as it eliminates the 
need for dc side filters as well. 
In the original contribution the reinjection current 
pulses were derived from the dc current by means of a single 
phase auxiliary circuit consisting of a feedback thyristor 
converter and a feedback transformer; thus, no external energy 
source was required. The feedback thyristors were naturally 
commutated by the voltage ripple of the common anode and 
common cathode terminals to produce a pulsed reinjection 
current at three times the ac system frequency; therefore the 
reinjection pulses were naturally synchronized in frequency 
and position with the main bridge current pulses and can be 
controlled to operate, both, under rectification and inversion. 
Despite its relative simplicity, the dc ripple 
reinjection scheme was not considered cost competitive with 
the use of filters due to the need to provide substantial reactive 
power compensation for the operation of the line-commutated 
conversion process. 
With the development of forced commutated converters of 
large power rating the problem of reactive power 
compensation does not arise and the dc-ripple reinjection 
concept becomes more attractive. Therefore the use of the dc-
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ripple reinjection concept is extended in this paper to the 
current source self-commutated converter configuration. 
II.  ORIGINAL REINJECTION CONCEPT 
The ripple frequency of the rectified (or inverted) dc voltage is 
six times the fundamental. However, with respect to the star 
point of the converter transformer, each dc pole has a non-
sinusoidal ripple voltage of period T/3, i.e. a triple frequency 
voltage. This voltage has the same phase relationship on each 
dc pole, (i.e. it is a common mode dc ripple voltage) and is 
used as the source for the injection signal.  
 The simplest reinjection scheme uses a rectangular current 
waveform; this current is fed back from the dc current source 
by means of the reinjection circuit shown in Fig. 1. 
 In this configuration the common mode ripple voltage is 
rectified via two single- phase transformers T1 and T2 (the 
feedback transformers) with reverse connected secondaries. 
This arrangement provides the common mode dc ripple 
voltage for the feedback converter. The circuit also includes 
two blocking capacitors. 
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Fig. 1 Bridge rectifier with ripple reinjection 
 
 On the dc side, the output of the feedback converter is 
connected in series with the dc output of the main bridge and 
this has the effect of doubling the dc voltage pulse number. 
The effect of the reinjection circuit on the ac side is illustrated 
in Figure 2; Figure 2(a) shows the phase current (ii) and the 
feedback converter current (i); if the feedback converter 
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switches are fired 300 after the corresponding switches in the 
main converter then the waveforms illustrated in Figure 2(b) 
result. The addition of (iii) and (iv) produces the modified 
output current (v) of Figure 2(c), which is exactly the same as 
the current waveform of a conventional twelve-pulse 
configuration. Therefore the reinjection circuit transforms the 
six-pulse converter bridge into a twelve-pulse converter, 
which, can operate in the rectifier and inverter modes in any of 
the four quadrants, i.e. as a generator or absorber of reactive 
power. 
 When the main converter operates as a rectifier the feedback 
converter also acts as a rectifier. There will be an increase of 
fundamental current (as described in the next Section), but the 
related incremental energy is dissipated in the load or 
transferred to the other system (in the case of a dc link). When 
the main converter operates as an inverter the feedback 
converter also operates as an inverter and takes power from the 
dc side to provide the feedback current. 
 Thus it should be apparent that the proposed reinjection 
scheme has no need for an external source of energy and that 
operates very efficiently. As the reinjection frequency is 
always locked to the supply frequency there is no need for 
synchronization. 
 
A.  Derivation of the feedback ratio 
The ideal current waveforms of Figure 2, used above to 
explain the reinjection principle, are perfectly adequate to 
analyze the harmonic content of the force-commutated scheme, 
because in this case there is no commutation overlap. The 
current waveform of Fig. 2 (iii) is an odd function with half-
wave symmetry and the general Fourier term is given by the 
expression 
2
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Fig. 2 Synthesis of the 12-pulse current  
(i) Triple-frequency injected waveform 
(ii) Rectifier current before modification 
(iii) Modified phase current, rectifier winding 
(iv) Second phase displaced 120° 
(v) Resultant phase current on delta primary 
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In general it can be shown that for n=1,11,13,23,25.. 
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and that for n=5,7,17,19,.. 
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These are put to zero when 
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The percentage increase of fundamental and 12-pulse 
harmonics is  
( )1 3 2
100 7.18
3 2
FB
−
× = %  
The a.c. input power is therefore increased by 7.18 % for 
rectifier operation. It can be shown that the a.c. output power 
is correspondingly reduced for inverter operation. 
 
 
Fig. 3 Current waveform in the main diodes 
dashed line – unmodified current equal to 1 per unit 
solid line – modified current waveform 
 
III.  EXTENSION OF THE REINJECTION CONCEPT TO 
PULSE MULTIPLICATION 
The previous section has shown that the six-pulse bridge can 
be effectively made to operate as a 12-pulse configuration by 
reinjecting the dc current in the form of triple frequency 
pulses. 
 A rigorous optimization analysis [3] shows that the triple 
frequency injection current needed for complete harmonic 
elimination is a quasi-triangular non-linear waveform. A close 
approximation to the ideal is the symmetrical triangular wave, 
shown in Figures 4(a) and (b); the effect of this reinjection 
current on the converter output waveform and its spectrum are 
shown in Figures 4(e) and (f) respectively. However, the 
derivation of a triangular wave is not a practical proposition. A 
more practical solution is the use of a stepped current 
reinjection, which can be derived from the dc side by the 
controlled multi-tap reinjection transformer configuration 
shown in Figure 5. 
 In Figure 5 the dc current circulates through the feedback 
switches, the two feedback transformers, smoothing reactor Lm 
and dc voltage source dE . With a sufficiently large 
inductance, the dc current will remain constant. 
 Because the feedback transformer winding current direction 
can be changed by the switching actions of the reinjection 
switches, a winding divided into 2m  portions with 2 1m +  
taps can be used to generate m-levels of the reinjection 
current; the addition of two optional switches 0pjS  and 0njS  
provides an extra level, such that no reinjection current passes 
by the feedback transformer windings. Thus the reinjection 
circuit in Fig. 5 can generate ( 1)m +  level currents BPI  
and BNI . 
 The ( 1)m +  level main bridge output currents, BPI  
and BNI , are formed by the switching combinations shown in 
Tables 1 and 2. 
 
 
Fig. 4 Current Waveform of 6-pulse CSC with linear reinjection 
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Fig. 5 Multi-pulse topological structure 
 
TABLE  I SWITCHING COMBINATIONS AND MULTI-LEVEL REINJECTION 
CURRENT (POSITIVE POLE) 
ON state 
switches BP
I
 
Winding Combinations 
(P-group) 
jpI  
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1 1 2 2S mN N N N= + + +L
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N
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2
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2
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+
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( 1)
2
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S
+
 
2LmI
 
2 2S m mN N=  2S m
d
P
N
I
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−
 
M  M  M  M  
( 1)pj mS −  
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( 1)nj mS −  
2LI  2 2 3 2S mN N N N= + + +L
 
2S
dc
P
N I
N
−
 
pjmS  
and 
njmS  
1LI  1 2 2 1S mN N N N= + + +L
 
1S
dc
P
N I
N
−
 
 
Tables 1 and 2 give the corresponding relationships between 
the (m+1) levels of currents BPI  and BNI , the required 
feedback switches in ON-state, the windings connections of 
the feedback transformers and the currents jpI  and jnI  used 
to shape the dc output currents BPI  and BNI . 
The winding connections of the feedback transformers in 
Figure 5 ensures that np jpI I= −  and the main bridge output 
currents are formed by dcI , jpI  and jnI , i.e. BP dc jpI I I= +  
and BN dc jn dc jpI I I I I= + = − . Because jpI  and jnI  are 
determined by the turns ratio of the feedback transformers, the 
main bridge output currents BPI  and BNI  can be shaped into 
the required multi-level forms from constant d.c. by selecting 
the appropriate winding ratio. The required current waveforms 
BPI  and BNI , are synchronized with the firing control of the 
main bridge switches, therefore by supplying the required 
reinjection current waveforms the converter output current 
waveforms are also shaped into the expected waveforms 
 
TABLE  II SWITCHING COMBINATIONS AND MULTI-LEVEL REINJECTION 
CURRENT (NEGATIVE POLE) 
ON state 
switches NP
I  Winding Combinations 
(P-group) 
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In the original, line-commutated, scheme this doubles the 
number of (feedback) commutations (i.e. from three to six per 
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cycle); it also halves the ripple voltage used for the 
commutations which, in turn, increases the commutation 
overlap and reduces the effectiveness of the reinjection 
process. This is not a problem in the force-commutated    
alternative, where the commutations do not depend on the 
voltage level and, therefore, the double bridge reinjection 
scheme should make the concept even more attractive for high 
voltage applications. 
A.  Analysis and simulation of the current waveforms 
An optimization process [3] has been used to determine the 
width and height of the current step that minimize the 
harmonic current. Also a sufficient zero current width interval 
is allowed to ensure that the main valves switch under a zero 
current condition. 
If the heights are denote by Hi (i=1,2,…m), from 0 to π/6, 
the optimization process gives: 
3 (2 1)1 3.4641 sin sin sin
6 2 6 6i
iH m m
m m
π π π−⎛ ⎞ ⎛ ⎞
= + −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 (1) 
 
The resulting fundamental component of the output current has 
the expression 
 
2 2 dc
A1m
n
I6 3I = 1+2m sin tan
6 2 6 k
m
m m
π π
π
⎛ ⎞⎛ ⎞ ⎛ ⎞
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where kn is the turns ratio of the converter transformer. 
 
and the output current’s rms value is 
 2 2dc
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n
I 3I = 2 1+2m sin tan
k 6 2 6
m
m m
π π⎛ ⎞ ⎛ ⎞
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Finally, the total harmonic distortion of the output current is 
 
2 2
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2
2 2
2 1
1
39 1 2 sin tan
6 2 6
IAm Am rms A mTHD I I
m m
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π
π π
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+ −⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
(4) 
The relationship between the reinjection level number and the 
THD is shown in Table 3.  
 
Table III - THD versus reinjection level number 
Leve
l m 
3 4 5 6 7 8 9 10 
TH
D 
(%) 
10.05 8.29 7.05 6.28 5.76 5.40 5.14 4.95 
 
 The Table shows that the harmonic content reduction slows 
down when the level number is greater than eight and therefore 
there is no need to use high level numbers. 
 
 A scaled down model was used in [1] to verify the basic 
reinjection waveforms of the line commutated converter. 
However, the relatively large value of the magnetizing current 
of the model transformer made it difficult to verify the output 
current of a practical scheme. Instead, the waveforms of the 
present self-commutated converter have been derived by 
means of PSCAD/EMTDC simulation. 
 The test system used for the simulation is based on the 
circuit of Figure 5 with m=5. The converter system rated at 50 
MVA /100kV is directly connected to a balanced three phase 
voltage source with a small series impedance of (0.1+j0.1) Ω. 
Nominal leakage reactance of the interface transformer is set 
to 10%. The reinjection transformers turns ratio are set to its 
optimum value, (Ns1/Np=0.3901, Ns2/Np=0.3944) to obtain 
minimum harmonic distortion. The load branch inductance is 
set to 5H and the dc voltage source to 0V and 1 Ω.  
Finally the converter system is closed loop controlled to 
supply 50 MVAr of leading reactive power. 
 The two half-bridges are supplied with the optimized multi-
step reinjection waveforms (shown in Figures 6(a) and (b) for 
m=5). These currents are used to shape the main bridges 
output current BPI  and BNI . The resulting currents in the 
primary (delta connected) phases A & B of the interface 
transformer are shown in Fig. 6 (c) & (d) respectively and the 
total output phase current and its spectrum in Figures 6(e) and 
(f). 
The simulation results for the voltages on the dc side of the 
converter are shown in Figure 7, where diagram (c) clearly 
illustrates the pulse multiplication effect achieved by the multi-
stepped reinjection scheme, i.e. for the 5-level reinjection 
scheme the number of pulses per cycle of the fundamental 
frequency are 30.  
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Fig. 6 Simulated Current Waveforms of 5-level reinjection CSC 
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Fig. 7 Simulated Voltage Waveforms of 5-level reinjection CSC 
 
 
IV.  DISCUSSION AND CONCLUSIONS  
Besides the extra components required, the reinjection scheme 
imposes some increases in the ratings of the main converter as 
indicated in Section 2.2 for the pulse-doubling scheme. 
 The higher ratings and additional components have to be 
weighed against the need for substantial ac and dc filters in the 
conventional configuration. It is not possible to make a strait 
forward economic comparison between the conventional and 
reinjection schemes for a variety of reasons. Prominent among 
them are the variety and high cost of the passive filters (of up 
to 10% of the total cost of the converter plant); the large 
capacitance of the lower order tuned filters, which is often a 
source of parallel third harmonic resonance with the system 
impedance; the conventional twelve-pulse, and even the higher 
pulse configurations suffer from six-pulse related harmonic 
distortion; the unequal power sharing between the bridges in 
the case of the parallel configuration, which often requires 
overrating the individual bridges by up to 25%, etc. 
 In contrast, the reinjection technique transforms the 
conventional self-commutated six-pulse current source 
converter waveforms into consistent multi-step ac current and 
multi-pulse dc voltage waveforms. This applies equally to 
rectifier and inverter operation and to variable frequency 
supplies. The power conversion efficiency is high as the 
rectified harmonic power is reinjected into the dc system. 
Multi-level linear symmetrical reinjection combines together 
the benefits of harmonic reinjection, multi-level conversion 
and soft switching. Based on linearity and equal increments 
this configuration can be built up by the same type of 
components, which is a significant advantage in high power 
applications. 
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